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Join 3. 31oolaideea

partmet of tbe IM

dh~l*te line1are thoul-y bas been the bakbmon of' .hllistic missile

design ad hs served wth exolleat scess in Its vaious form over the

you, recent spetacul larmssile flight failure. b-e" appeared unexpetedly

ad afte umaccoumted for by thi- iner thory. it is these mot fail•-es

wlhch now require attention mad considertion of Uh no-.-l eeritles In the

fluid ftote. d msesat systae whlch contributa to alaSIL flight pertfomene

- -- mmd dyam~esi tability.-

Two types of moe-litear flight lnstabli, ijaw bosw Isolated aed

idntIfied ens

1. gon-Linear apus insatablity, a

2. Catastrophlc Tow.

It Is these * fllgt Instabilities wklcb will be di4eusd.da the sections

w•eh fol••w. Approximate mthemtical todeol will be suggested for the

neluatlon of missile dbaade stabilit,. Both expeslmental and analytical

soppIcetions of these models will be mae ad diauessd.. '

kriginally contalned in raper prrared to, 'Dr. xa M. *'!-A. CatIelle

Unlverqity of Amrica.

".icientific Advisor for Ast'cm[ tlcs. •rea of M=,co

SI II



biget " so* csnsous"j hmflaisu 4a or ozdnssf hp,%

r~o pwwmw ralwiat. prwuiwsgby the Unified Linesthesy. is all sass the initial Cdt~ow s Alt, l'"Mum ur p dug
either to iabJ saIOU*, esae b ho roehtk~s Rn o

f" 9s s0ag SUP aOd by hems dnOpSW rnn 914 nsemSaitf
toAU lap *sngtosimees " Oseqplift$. IV *3mennnl gt or sItar

hen *'"Mm*~ The offse of gwas intial Ulem"h~ eaMItUMess ato
wft m ne la,. - e ssf alues . &bs, nql..z eg1s af attach. It was. ttenrat n,

'"mo that te alstic moigt sir 'Cuni.. we Amp to Ael.,la-grmues
In the fiua4tm e -1,0 sep ps 4 eawlnx msl ot titak. 'the
samai mi"Assl fligh feflnes teemelve. fell t.-; dwtiatist poqs,

- etsraten by ainflso owwns 1 lse tolig '"mIt" am theothe
byais""" rfbai4 #Mall ftllivg wioaoty. Then two p aV iii h

tinte Sparat*tY Is tbo sactieso ati~al lati' sine quite dhffoit alS
nlatil inipesma nea~tasu fti enisning.



btam seatLa Subsonic fia-atabiliaed rockest having high spin we"e

.20.Mo eroe-ind- fre a movin ship, large &Wd perslatet wobbling action

aee edi. -It was susected, by a eamination of the lnear e riterto,, for

d ~me stabilitv, that a nam-llasi N u msomnt with complex aftl of

ettack eight be t culprit. tAs s Ws this jtue a ador confir-
31-33

sationa chap wae introduced to redce the Ne5 tm .m uheqwquot

tUsk tfiring results Irdiaated that the flight Instability wae reduoed to

tolerabei Iitle and, thus, tis critical wear.. wes relaased to the fleet

tfe fta mrvice use.

this experiem. had, hower, ucoveed a pssibe 3am-liaser Plu

inetabll.~q which requbveg L..V *--" and understanding. Accordingly. -s

iotensive wind tummel prorza was andertaske 4; "• e haal .rdnamce Laboratory,

a mae-linear eomputation prop wee undertaken by the ,•avsl kroving Grud,

and as interated nlight testing and evalu-tlm progra was wdertaam at

the Novel %j eae Test Statism.

A simple empiric•sl othd for predicting this nom-limeer OIue taseta

WiAI7 wee suggested by the MWer WAd wae employed as a goide hr ertmaiy

eliminating a 8afr of amssile Mi t failures of this type. Ue or the

&wrposes of this peper, therefore, is to met forth this method ad to

suggest a mathematical model for suba'trtLeonC •Lt.

i~ssi L..n-r -..eory

Yll.tt instabilities in ballistic misslles arn Matracterizd by m

alst pAt circular piteting and yswinC motien which b
1
r3 to largv values.

/3



Is the Ilmahe sa this ntBIs hameiltai tmod ae ina~stIty In

*&tw tgo atatisal or pose~alemael oaat. -It hatus mo1ma-U "ase

Ckk -o raqulna; attuetian. As a starting point It eons resnable to

msamw % an'e that ts lsnals bee an almet pee ciroular fiting

and u•ea mumi. nb Spusic stability of the Sn"ail ma, the, h

ai with refeenace to mWiM i a ost.f thiu seohal Utn. (fig. 1)

It Sbwld be eqs•eaino that this sap stat of affairs of last oasaot

spitS. of the awmlexaa) W41 slatac aSi st o halrling fhs-stabiliss

5*41.. a im hollht ae nt mat in the cam of the pure pitchi l or

pu.epining aptlmat ofae-viming uirwrift. It asy be for this reson that

this #"rowhas nont how ccaaien~rd preuiously is Sissile fligh.

to first use of this • smtla- vill S is specifying the aeroioimiatia

fIse and =meat qatoaw. xU. th -ftosdu to sql' of attock will be

-speified ap' a coastant force plus a portUrtetien. Iri -, Two fomea

ad tI hr somts ae alowed to be am-lima. tea. fraeunaa the atual

fae " to agl*e of stiat SI the 1tpue foce, to agne of astaft

mod rolUing velocity. All other aeradgbnulc farces and smata an isssaid

to he Linear Is their nespective variables. Accordingly, the narmal fluid

bfate Mi the sal fluid menet acting an a sails1:eacutng an aslan

po cir•s.oar pithing ad y•aing actin may bewittese as

-a A

OF i.7• /w;

""otatial Si airrar symmetry taon1s aed.



k 40,MOW MpW A'MW.
p it P4t&tI '

.9W +

Usbscd.L1zereUtal a quationsa of motion writtem In term o

AMPObWISSeti ADee (Fig- 3) wre given by*
/A -

.iolving 5). ý a .r T,.eaqgatlationg tary , d substituting into

a%. y ields a single ax::*erntial equatidn In camp lax 1;,bich b

U1btitation of Lq. ( 7j J. (W W ~ e e and its derivatives
aq be redwJ.?4 to a dl.- .evwt .a q'"umt-on Aral V~ 48a

Sq g ) ak be wrltt-ft with real coef.11cients as

(V_,

provided that the Ccndition Imposed b7 iZq. .0o s* atisfied.

*kor -Oceveulenc', we iili lot

p.,aftir 44 V~.i. A u~w~ so



Who

r ut, -j o l t " * U F £-

The CobAittift ,f to. mz4 y be setiened eltbf if ori

the' quatity in the bractet is orjL t@ SM' a4 0: ad~ it
ml&0). tch4eflrog the lattr ý,.±atefti =a writing the e'preehion

'srma



Writ'" um wressa~s for 0 3 a

ad sav~asm tbst

Thtb~tfote It ey be a~taei f-oa ýqA. (1)a v d t th coodition

L'Va~d by k-"* AV be Uptt 'fioIf

Provided that the Magnus :orý* wd the stat.a momet are Ilaser, £.()
09 MY now retiwa to tbo beasic d!:.Orectiej, equation of action, &q. (9).

ANSlagaa that* , the geflore aoliut.oat Is swa" by

or



arms temfhimrlog Is deaIS)u lsoalutiea ginst Ty sq. (3,ais

airaM. Ise obtlia naspr asis for ft ad So tora 1 lms of the

Sh2MilY bfwllna.- bnfleatqf, to a i5 gin by,

t"#s caprissin OW be Lunbsr'sI~)aps if k i t w lbslas r lbs radical~ '

-e dirtiled Into t- troups, .owelslsiinig terms ub~r ic. arelago and the
aU~ cOs~talang l. malltermis. Introducing tme s'prcnatiam

+Ar

vh*n the corwition Imposed by Eq. (I.) has ban sa~ls.iod. jb~j# "ars
lGriaafl allo-ed to ha ct~qlss, It my be solte iron, Z. (29) that it



18 P1046. tdO SOU f %WOlsae f be obtalsed depadima up".

isahi eaftilin Is. 4. Ld Is nul lada

#f of im4

10 St ro a: 10

ex.praaaif lot K a IsWIN of th0 stability derivativve, whef

F4. to.. La mtf~ae. is gives -a,

I ~ ~ ~ - APe) ( ~ c~~z ~.

It Shoold be sowe that U. dqeoeivuetr a. th. bracekt ;uantty, (5

.1 La deticall "a. asaillar linear. thoory .q'..aion -.o the

mataU..m sd pre9 .5mb. dwiplg rates whome te tangent slope. ane us".

Tin vanratc? *a tUe other hMM wbite .1denttbeasi fo rm ua.9 the Wewit

elopes for U0e Mar-llmew8 qiUMititi. Mfg. Z)



At taw "ta0.t 1 ""s'lyinag tm ;liwd Soe'ee, MWe ( 2)an , i~ASM $at ft L~SatSJ aW eakw pm. eirrnaar Pitching aW yowl's
atlas.Tb. Mat"Ge of LAthesmiltico Is daterabJe !Ig AMd !#

so""', ibrfth.* be ouh as Sto jr n sgp a "tlien itially this rq p~~
lao, wo asue tatA

epresic k , 2. Al rodw.. to

La eatapg stheeAvlit: or e massuo, we arte maateet Ia the
uno Wih h MIuOJl UP nip rLU pad

That IS, as wsha to find a fre'd below 0?* ea0.-~h.ut.Sah set
Ow~ev t.bl Mr bo ne* imw r, ;zt*:qAged ins staaolm fq. 3~Qr ~md~~u here51, rIs he owin qre flbro. It an to ute lce

*4.31-3.3) that, -aelaa:, whm ise A Senn ther othr to "ap..
&ec~~~~tqqt V4 3 pb rItten an

At

A.

Ak Int t} jj

W +9



SlmeW~lmeS~j~~iwtt& 0~a h .~We my"17write

- ow tl o m fo r u se M U GS " 0X

(42)

This ltisteftsoft, tus bs1paL equation for the almaot circular Naioan
Of a missile m1ta4 wpm bg' a notoe-Ilom Naows mmm. In the foflclowg

SWUgs this "qaUOG bill 10 emmeDW for *'I'*tlAC the dy~ ste lity
of th. mssiole.



esmanle of the Q*ai-Li.ear hery for map" instability

ow pmp~n hen In hi disom sq. (41) with a siew towads dater-

ialag bot the eondities for misile dpaia stability md a 0-rs of /
it

the omat of frlas stability Whish a smile has for give fligt

The cditiUas toar dgmaatabil it• In the /AN ease s gltwe by,

fine, ass4 starting point for stutrlq Eq1. (4t), itme reasonable to

egin Ib smeinin the cau of sopie A. f rst, It my be acted that

raied can owe.smeotall, #t #WHAl1e Inmoe am - as oly mear•us elaits.

Of bals isltarest in this orn-lnen solutl, Ion . 1), is th eo ft

tiat a triM-Lke cadtleOXmis•ts 1434 1i rSpreastad by Wr . i

easidniag • l• •sile stability, it io L-Wty.t to dwwrslns th lsa at this

perao iris a s ccqard to ins basic sauce. about whlafh the periar-

Moue, of , takes plea. ThWA, Wsles for */# a gives by Eq. (uA)
Md plotted in TOg. 4.

In the fIUir Iine ease Wen A 4 0 I Mi l, stability was In icIated.

Noenu, in thi noac-linear solution It myr he acted that If W44> Wa

X < 0 . than a dieelracne from the basic moilef results therby

Idisuatig fyminds instability. Cf tow"e, If Wj W an X <0

#pd stabilty resnita

Uk



m stab a li

as" abdwd be defied. A basis mU.on rpsated to W Is perturbod
kI th edditio of , fig. (1). It the resultiug aoun,//, W4td
to reduc In mils 4ac•ppishig Wor e Velim loom than . UM the

tsoes Is tsrWd Odymmicaeay Stable' to theat wuem of W.
Te varla. possibilituos for stability and 4atabillty in this mm-

llear cam, k4. (4jk), fty be perceived by coenldewig t& two basic
ease$ Uabich az. repeesoated by 1 < W Fg. 4 * a MW, )W >V .ig,4

C

The "Oxar Is obt&Lved 'ihew Is positivew. A the letter wheni s AI
"heetvo. (.jee *q. - and tig.4.)

Iwo PoesiblL-.tia ,or postlive e is tt. mbefi \ AI netiv,1wad
in oawtive, dytei@ Likitaulity rsoetst. Is fig. I tbsew two

Peaaih4iU Asa WeS ropweSftt.. "* . "irat possiblity (,A '0 ad>,,. A),
the timmosioms part, ( f , skrinka, end tW.- %.. tel motion tends
towuards W%, V , thus Ladicetiag aynailc Stabllltt. In the aefcnd

total Iation teoda to lecro.sse aq .'rom 4.4"d,%' , og/ica" dynAwicIn as t a b i l i ty .'"

7400 POaaii..6 ~or ngcative k also exist. she , Is negative

nd Is pCOstiv, the RissIle ti •iy•wicsl unstablet . However, wbso
is positive and to s nettive, dyhec stabillt 7 results. thislatter possibility Is o: particuar Interest Dtc.. it certainly uV01d not

be StlcIpsted eroA my lUnor aslysis. tbeas two possbiltiies are
?POPvrnte nw 1A)1C. In L the !iIrat C ad \t I(' VA tiusmtaient;art shrir.ks in is* aid ? t?.he tot% cmtion g£rot saay -'" *- end

13)



tend V1t indiaatis infstbility. Us the eased > 0 aed

<0),th tramuiat part us" in lia am that th tota atlDD

d1 ihe, tsmwd W *Indicating Stability.

0 Xn Is, .PUT"w the,Iitobig sad yawing atlas wiill

he table In the OiInal pee oleasr amis, Aitia daing nor ... adg

es, T•n he stable • ade* of enuledr aotic (i.#. 'lAdt Cyplss

Raws bae presmisly iannigated by otfe. witars.

bs •-0 ad ý is postiv th mtst Will pa a• tbu be

assume.

abls captiv wales for *I/b• w act bae aiSLfiellj discussed

or Illustrated, all postal statamat su etlqfly. fti tecqlotasss,

-PC& t9ka 1e0i rvPrestad in PIg. 7 & 8 sod is am discussed. Wham

< 0 at < A atA1, um tWrO Roue& no±t tn Paduss'

In eia; the0 total atlas tends toward W( -; " if so is, ta",

dgaewlcali stable.

Is 5017 It ba baSs oswn that the taedss Is dy'aaielJ 'st&Wab

s p.t... a in the basic a•tls•n ot two c••eas t•

,, X o a.,0 -(.\> {7;. /

0) A• - 0 a- "! -(-0 IA ,
2) ., >0 j ko 0 ý(*.

- 5

/ /

I -

ad I' lllinn **i in l i l' I I I I L



b I ~ m'~im w as a - it a m emol li at em . m oum " A Ulag

asiwi 000 ma aabi.S. "a sfb.~l samms

lb irams fee wmna 8twUAq Sm this u-lboasan ibs

tic

Thie ~Miuam somt um a pA" St 'ev' .. V win
Smilteapiswsl - sl atiso me osa. oftlu of lbasmi.

ft ms as a&. IS shoo" lbe Issue a-UnI"arowmse crfw a

~~ai~ vwuoq ti --sse et, we VMO~ Yto beO plN bmJd bo
sab. Wm "Mpagwt olasgeIe. l g fseog. 4gwzeW gmt5 Winl ba

aselle *tMau"& lb Uisme OUV asim* GO08 beeei. ~
4t 0asil M-l~ 3 OKUr o wm uto~t is 'usla ma tuftt
afim ?afth. 9.



aw aw Us #ta.k atamliy 10 atmakad mg, ala., thb

aty.R lb MI m, *UUk a betiaSuq 16w usoI" 1,m

low All. (41) 71Seod. a ... lu. far *Alm bit-f4A a. a finm

* eW as

Isah um*Ak *am, an wa~s-l far Ib~e wbel*-Uf. ow be
aaaaswarnnawauti-2I "u ata.iqcfla

Ali fod of Mew p'aOedq amijala It Sw m roa *at$

41) iti. t"Uar fgiON" aanuy (.gw) < o

(3) we MEt teaN.e aailitg Is 1n m lb "aSa

bw**im t-ife amAda*ut



ftuootuam of me o od Ummor !bM7

fUotuesom of mbe 410AL Umi nWtofa mom zooamutyb baeo

Imme sob e4mblm 49.11.. kwob. mfi, isto rl "mdapoeible YAP"

4r. Us appo emlydN, nlm% f mak poM Of (W)
far Noe arigh.1 dogip, froe am1fSe dootpom, an for wafte bm

o=duet mod, thus, maslt hugo. *mousohmi for Umia pedlt, "do"m

te ees,, o.uo mesusi. ~ tdoepom baed ft amU
pwooe ma-G obs erved~ to be dymmie alable Im f~lW. WNCo

as o qintiulor WMeMo ot moum 3milto apermtul SMUaotS.O of me

momsh Maaidt. pmea, tUs fau entes ot oIto sufu~amo sod ot its

lMIotttlme to eseentmlaw vol'u. Siamm we we dlatum VIM a MOO~

mso~iboa peables. ~ ot w~liu med *e~1 aboold b mmweloo.

IS swumtso an thu orinatul lopulateom. *0.5loom otfU

om"toMi pwed"atm.el ot WA fthuo werwe sub vim ro" tro ammorit

Sotasof ushme t moo-ilwa d£rffainuai awmaummof antl asMa

m thu kul ne bteorl comp at w thu s pbo olo OWinbNd, bhIpsro,

Yitlmim. impa~rimem of, we pmde"timow of thu tot Llmor ?bwlq

iit a ow. fod are gai IV or. C. 3. Cab an.I C. Nomd Ism

M mpoe me. Maa to "a"% ans "ma to oft d.

no"1 is uhomed bo sommand MAe tan *"-Uib~ iemo to "ot

Wooded so w~t gou vowlAmostiuid from rulh% mSo or MasiGGoS,

pertseuar1y I& bet inwsetS sod pmoseIftamm- we I osso. fltamer,

twe thUsq Smoma o inthe far ah1~l ma eme evammutia otim~all

SWUMt? vatm go" IV IF a n-lummw Maov intm. Par Sital doelp

17



enIWAta... a s. s trw 9pmfla. ue it ta etvmreg eia
hoe"n It les"t letnemg ta reflme flak Surtea ISU Maaet Of
Ue ats diffwudamu"teptime of M" an a &4wpeweqtr

w"lm, h Ar, Me mintead tbat Lheb betonaL.a am tal
pgpedn bwataaqw we ebulba" IV snif bin.6



caueuzc 1w maz

A mique night insaeulity ast eesamtsi fe IV Us bitted Limae

jb yorJ Me Qmki LUwee Tboor was acemle-11 observed Ia ike

flibt ofta eacte rla i-utebilld asemIle. This Perticular dywe

uwmeeuitj. Wha is oewn d, -was tirs% ekerinlsed 1W the feline. of

Me amile ti UPink vpI its l steady ostatsUh vslag emeIt7 m, %ha

IV a *atestrpU* sets of the piiUbi and yw11g notio. iaiaIU

as veuisin valseit Iascessao dw to USe fn amt. )ieve 0e woIt

veeme a valm oqw t U ie 4 swtlce trequesmm It beldselmotmt aed "10401

1sOa . t Uwt vtiou~uwla. ale Liucsd of seinn SM the NA"p sts@O state

vaue~. m.g.lC) IitaulJ Ih elsgie of US pLt--bia Swo..w'f mumgei reftem.

ab--s . %ba Us r*iU ng c m locks-in, It begiaw M ad so er

sof OeaOM valv w~es mcb that US Missile Is flight Lanka mrs Lime

a prepella that an arro. Mdi. 11) ?Uis welqi flat spinhs bern tamed

*Ctesstropa" ae .

*Is atteeUtng to fied a physuical enplmticm md possibly a these, for

the psudietic sad fture' avoiise or the Catastr~ophic law, USe rolling

natio will be smoeldered first.

Maellng Htise

The rolling satica of Wossilen bae besm classically considered the

siapiest ends. Its knotwlaip ned control, botoerem Is **mUel La USe

fided Asesh. in order to achieve Odds* and In tbe bellistic missile

'9



I rdr fime "Mov whim 911tahilitv ad wevrorro mime atel fleias

ot MAU afiles. ofttmak, law liaise thMu7 hee pasww f ts i n '.

ba order to aotitsaw lovausstiatmte uwpoalum, siso aatinm m tw of

roulv11me Sum~e, uvatiouarll of tme type bwevei Is satastotphis

fli~t, a aimpl flai-stmbilumd safmi (bae"1mv utwrn a PCstemated
45

9000 to roll A IS the latial swa at ItMMwd vw m til. I"e

veriatift ot the soo. state oul v.11glowity vita uglo attash 1tW

mogi.. rm i U't 900 toe smamoed. ?Tplsa data no giva Is 11g.12

-SW it 10 uSOW that tbM AM IMeP Old aluat iAlMottammUR ObOMPo

Am tUm sl~asOl sals,#Lung uiea14wity %dt mo at tltisk. Alm, It Is

Nowb W"a the mismile OW1 rol Isitbo dieawmtl ad, if tim Wasst I#

sto pped# It ow loml owneud.

Fw oeosalmoveU #%- =4w shemoil tolling astlme shurved

thew so1ot~m toot" an labeled %%ll m-- tl oi

SA*#amo u a sertala romp of me i~at of 011m, the Wisailo oft pastas

olth. MUtGS, It Was smmtw that the law ane be1~oalso

toisesbut mod ow be trowse apasetlf. fo ow Ilaint ~psm.. it is

tme faiuse at the missh, to roul (ro ll 1m-Ia) V1MS& roquled 0*172ul

Old eSNPlIMA.

Two boy' footere .was~terlial" ral1 lassh-a we gluissi ft" us

swermtaw dota. Flir", the to a deaflalt dmpsmino bath Usm Motu

ot Attack sad tag Ila aost mAw. blue friltaoi valve of aw, at

attack. the modha wlu 7*l.1 abrow that ualms, te model Aq tail to roll.

In h usg rompa arsitml valms for the Sale or Attaik, thaer is a

"oIthol tale ofth te asn sat~i m ewblm. *1mb the a"e wil fwi Uo

roll sad a1mw ik theb mimodal VI roll. Seemeajl, WethemU mkh.11 fails

20



to "au, me wnu arlu"alm at sw Mdmi vith nqewt, So ls PINGa of

0b &Uma ala, Y ltb las "Oui at atteek. At us criticall

a&at etIso ls well a'lumUaW of thlMde Isi In Ua lblghbs.bsod

at 0? 11P. so am ugle of Mask Is lwaavea the r*U laatslimla

tade lwd so a. halt

the two Opminei'telles at weau loak-la PA~SOt lm "sIabla

esatmless at a "el vw mlb dinpeod as m& of atleek And minbile

well OUstamlam. A review of Me Ulatralne reveala that rob & aee-llaaw

MUl 800"I Is bwA to suist Wi bm bem LiaVAnd quallaearly as ailabip,

am eizssftn. her A~lfinO fimed "naeli. Is *Ladwue

Mul "asal' tab" lhs Omarl tamn

kb aft llailaftWIs tamat It n"U ttssSni

MUl am"a ta lbe l1W raOl .*tmo am aftms Lur lb pbammr at

wMU lsab-Ia. weae4isoy. lb aqmalm far lb roalha suayi apb

L(So) +L (P) 'L I ,,() X 5

LCS.)a ent dweloam% j(.)L OV4~ ~
Lpw a""% amiet PC,.,)Ef)PS (59)

16 VA~ 16 Nwt



ht"ettksUdAs OtnIOUlwk-As 0O 0&t and

00"flt. tbheual. (rT)viotato

L (4) +Lue so
Is MW pntiouler bwA twsesite of IOU lehi-a,

Thu to must sq. ita to may . eseear to~ n" 8 *

at rw twnio

IsCa e IO uwrl smt he to cat Is rnater tVMS the Inted

:z jjjwtbeterw a te.tv# cmt~ (MI-i

Is Cat-lheU two nall snteus a msqL aS apoite at 67 1/67

miths Eq. (6t)i satioedis me the model os inck-in. Wei Is usas

to e w erticl agectsattsak tfae 1t wtinclar nll want des
Se *t. f u male statthc Is si~yA tIIo cedta
She dalcombt lwk-slt vs* wewbf Case I sals..l SMOo

Is Case) therewe two vaues of ifmr Waal, sq. (K) may he

astisiiS. Fm the vatu 67 1/2".( '( . t stoatl nil SmAstbIlty

masts slates sllot amcrestise la' ius 0 roil mant ite to cast

rests the tam Indued cail manmt flic tow to tans a gsstsr

"Esern' in nd tow tuther stuot "ablae. if I* is Utly



room" a *WIN2. no%"a S~aUM0 ouvas ota v'vv1m.

Im MlLM4 skoo st stuwk tar wel 1klah- had e. *&a"A

-kmo peVm *on la"Wl,,i

~CSAear*

at &L aluv. Wsila w nww tmsl *a..& tint to alo.l mm

msdhod Mau sesllualn so yolu Us ftb wel LIa gl. Tb
bsqm Sttha anlistm w~ be weilatai fa" sq. (97 VAfmaag
* WU Isrmlta. L (isA) ta w Me i MU pap JavIld.

sa4Igl~ q. (7) he witt. so

't ** (67)1

96 'Moir

S.tov3s



Mb.eislstef (4f Laglam (70

4rj

I" S 4?tm at Ii ="o

;r *S- (4

'sonlr41 pweil t"yI eee totk i o
w~bo~dtomlltelt't ia1 N trm% ac +jk)oml~

fThel f3miey of theni oSMIaUs iso-uWt gite UD% O o

Somtlm.,f ad purouniuma fsee lag ?ogeoftikn admi "wv

larnm o01re twow %"nut.a.awue a &* stool



Mw tUnt tehu timoi M1 . lash-ta plmasm @nom to ka

issmtuia for, asu thu mot aloatlo v.1 eMs &lot be pwiewtta

omeidwe. TUis mseoI3 saon prm"t two a etiuma quP~Lwaticas.

hiot. us atm"sil to rsUw ad esnow, *Au almIsto' Sao* of attack

ww to se agu. it is m.a"s that Lato mwitsuol cass tbi vJiala

wiml"ty SMud to Lsam"s to Ito dsalp mliu aOW It steppd Lueras"lag

at a waves at fouqs wsloelty eqwa to tUn fweqmum7 of thu missle'sl

Fitm"a ad ymbl'ucet. sy %an a missile Is isllhsg at thu sum

Met th" t Stoi vebbliag aed I.t the iWblia U is tMe sums asm thu

soll"Siam wo bm hun thu& &&ma whom thu mi~lsIsil "S aSheging

Its mU1 wteaketis %itA valps Ao hUM pLas ot thue~L om"U f aro

eltfta 4r aild eestwme, U &o eaumet. This Vp of pitlumm md

ywisuaig ist~ sI* &ed Olawc leu * bwmm of Ito @maW to Onu

musas or tUsma

It PW* IMAW Pitll" ad paig mPUM 011t", aUMM tUS W40 Of

attat Is a emmot, tum thu astlmiso IMs is th u id tel emn my

1se4. VIN ast~o bWit"u assiees~ss1 diqtuv1 apa

L LS. ) + 0 *L.UA) 0 (75)

Awo 6,Jo It a d Wit ya comotats, tUN owiueal Mot of

ottash Is elim aF



is Png. 14th adutle to Eq. is) Iausessetd.

the orae nul loa-la as Sendv Istheapla vIM

~el test.a at Faiq seal f Msoit of a partinlair missile tppi

Iml he fleet w the soble of thm asr-ussmr Isiasl wo e wlt. VAN

thi atinlatodad at.th elasoal tyW fr the p", railuw

souge, a sttmd frw mrodistig the aflteal ags&o ats 44" the wo ll

trill &a& is se~ved.

Pic~gaid Tawvic r

itma reinsls to eas~ the anuS queries, %htm catsstrophie

PWAA of tAW pink2ng ad jslag atica?' It Wfif establishd Ill the

powoem Gesetlsu es ad w t 1wup thfligh perform,4 "U that whet

poll lab-in seewrS, the pitcin ad 7sIag atsm to of the *Law

T"Oe. SpeoifioWamis, we are ensued abo"Ut tecatastrophi goVt

st U~l ~tle. for a outateally s~b" aulinl, the 6iflS U~s

Themrp immicatee thet I~ auv san o nw In tw, distincat o&Mo. Owe

vbs pars astoatn (I.*. A; ) sig"ate um h awkutai eats is simi to the

vel ret.;th as , *A ea v pews trin (I-.. m4 ~n. in tos latter
am 1 aetlas 61satefr all eluse of the aisells welling elnity.



at *m& a Oftasift~ ef betb O1 the some F4aiuag bo spmot am

INLAt AM the M11104g V6sImty 10 SqMA tO Uhe WatatOM 766e. At' $

tMe eOMSiasi OW be moe wealiete, " doell fiset oeaidw twe Um

TOe dpok stability at pro statloml mUcaIs Winh Under a

LAsW themr-lm sam we tmtwaa Is the presol smetim. Apalyin

tme" Zteus" or peeiitlea to the sisals, i a sue s.t omeleoulytaa

So speeat ftw the -buueei atattpblo gmAh. USIMeaa of tie trim Is

MU beam So bs * frmwuea of Us rO±LIA6 velnalty of te al6611..

"eximm ae1iesatms of the aoe-rolling WIrS seem W*es tm rolling

ooslIetp to equal to the ismtall. rate. We. pbaornom t Iams as

iSasmame Iaalabilityi. mad Ilatlaly oam maild cortsala4 ma@Pet It AS

tie efts of the eataatropJut g. % the Pltoblag ash ymlg mUes.

Newevel, them ampitlcatioe factore eft vweJ 4 l wo Calculated from the

lear theory mad evsa oppresulate "Iwoe an be obtained whasemo-limearltles

Im tsm eeraftsefte foe mW assest eystom mast. These ealculations reveal

that m explamtion tor ;stantraphic 1w comme be foimd In cwtut linar

or me-hame theor which cosal"is the elaaaIcal staticma djiamaie toneso

md somto trosam ody""ale, bdtrodynhaice, *d beLUIslats. -ý*Iowly a

mew flisd fares or tones awe required tor m maderstmading and a possible

solticse.

Adhi 1dsoI'ns os the roll Orientation . Immiiediately, ruled *-It

I& the li1"m cams, its *Seetial role, in prorvidime me elylamatlo for roll

laek-im suggst. that It aight profitably be coms-eidred ials Umeareb for

a tone. and Smint Webc eigbt occowti tor catmeltoplie You. WIMb ttm"0
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too" do loal %a aMMitieS .t.ato orl yofalstatie. first, Us

- wu toi Ie ad It. mIn ar awne -0 Ilssats Lafi. Is mE.

osees, a aid teag ad am%%t - tend to milt a en Intiated I&

10 owemd taw* ad It. somsS ore mitts

whie us tinst tem Ia las riot aids regmeeamtels teloasi6Cal tame

bilha IsItaself w be ac.-nlar I& W4i. at .tut ad wowhVen *bae

UAW reapoenhti Um inteatitam tos T*l ueisetatia. Mere, eke., go

a9ttishat ma, to Sb PaNel *a&n. -s fastintSo. et 4 ofl ettash

ad nil wiaeatiau.

Tins aadtu..nat w bes witits

Y7(1,W)' A1 4 Le~l) C weaIty$ (80)
'S.)

*Tbw epaste (I.e. &qs. (75 a 79)) -o iSWUabs Ue unSiter. Melie1

a'.SUtin wnariesiaal to cilatimed tor .5Mw rotational qmtris0e.



Is .WS fa dpiuda. us emtb~ti"at tbs m..luawwto flagma

onae" fta vo Mt performam at mdU"e ad wnmusail to MWe
-. A asubmilyat use ~sseoa vitm"ad Y mbag &A, bo MUM

it 18a *00*sain to aji tb to Wea laftiftI dvmi3uSie qutband to
lvsinWa"p tta mutona "mufto at mtlsm. cuarl a gm.,sL asouttic

at Ias ,"1ute"eqasimse at mUOR comtlaiags thoe saw asa?-1LIU tersm
I* not pooelo. lowe, It we *oto*io. attfatuim to mbie ""W *am

et lo stim as owaputo sAmlanw Is p~aailei.
?oks" Us polwba~tea± so nb "Played In Us piosawi mtimc,

s "W1. t~w" A i ma, IqA. (a-U , to salowe of

Jalp

MAW

I a ,

Tw(4



in g the a w em -v wa Y Ver vita tuo ad am easitoetat

Bvay withw W gd Mmo. ism sa .s to obtain a OWaggat.
satmiats C .1maarlag vain it lamf asome that the soeffisiatse

A A
eamstamt ad atL Y is gpaaejmtt eorag.17, ir 1W r

P1.,a mef#( a therforef cosetat ad sabtitaitle or Es. (824.)

laeWq. ('6) ytwiu ste dlfamia (5teu sati.

rmins.smsh lad WNW. (3. aftler atatitutn EUs. (1UCI USt

galgal., theU diSneelea of'the pnfrla MOSIN All OPlgY *qaNLU MUi

hmn*.* t10 Sa djeae .lbiit fule, thafarre, teams

111 (efr [Ifsff

ha veqetairset oforh dm81 Sebliiflt ran oI..as09i treEqo th

Cabatbilt~of Lwe saties mw am he cossideeod using fq. (SO).
Per stissies with rated fnu nil loch-ia aO seAO to sCAc In ab Vgis

simeo WTas assme ot mnat it foulowe at r WAOt~t tulg

"Misleat.

JD.



ft% y bu . Twie tm first "m 1, q. 186) to "0"0 1,
a0mb0 the Uerll deOPeAShe te~se. "Me affset to matd to be doatahLUSiAC

111 a flavtaoailsed misaile. TUe lst ters In 1%. (W ) Is t"e msjw

eatethet.r te itability, wd is is Maued that tUs adeiti of side amamat

RA 126"e hM" a ca"taatophic attest as the 4dmaae etabi11ty of Lamr

bDissuseta at catastrepha Do bavelatsa

Thse-dtheaaueai meijeeg of well loek-ha aed eataatavpiW ym oat

a sashed tor posoiw7 owaelatime this tv. or nlebt Instabi lity and,
awidift It Is missile desip. ?he mtbin eamaidews the misoli, to be In

Put Citeular pitohiag mod 7meing stlan of "qitaft W. The Mtatse
1 to deWteMin It Pell losh-is a* 6-:Ohle ad. it so, to dateradme. the roll

laek-la 040l. 17 tluid ealculatl ass, it-. oraze %W ampwhaseW

"00eltestifg Ia vimd tassels, Maurw tamels, msobaliietM weavs, eta.,

%boo ms Cg11. . C91, m C116 is m-- beO nd haevl
-mW VAetVWte late Sq. (7 )e~ld'um fai r the MUlash-a gigle

as a Amuse at the *owl= awie of attack.
Themmst " Is to a qe I , t-M sq. bC "6 uI"

theestlel or evermatajels tboe tor aseqeleied tormomi ad jmiggs.o

".d by is v .m "'ously dourms-M welse for if (W)
Me a pltot of as a rmeisaotat Us law of heassued obg,

swum. W , aw be amde Ia Alch the rogime$ at poassible dpwo~

laetebillty Ulu he fteueeed. Ta~lmeaot > Omor beavie l) M I
raduvibgts IenLitial lewmkiag ow" tlit oftitloqe sub that instable
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W tUs aLlala mstl of the detirtatal. side smaot onatributios to \v0

Ow pswt Castraetop lowTm. it Is Rated that nil lat-l2Isa aw"r

VA ota &affleleat zcawtio. for this instabIlity.

Ri&le It Is iswcplsS that a aissile in fl~ht will not mmll&y

boo & are circular motion, as ss~mwd hen, cme would onrtanl'4 bane

ammld"muis Inak of oamfidemos IA my eal).1 detip Aleft was Indicated

Oftadawl meistsxla tuo aled andls e. The neqidrinmt thAt the missile

to jpmaieall' staul* Is tale oiwl* pa. cirular MUMtmis ewase edtr7

If hel~ps at marinl stabity we to bo eliatmis. Thlesu myeh

pWticulwIly tirs *he ft In mutillsl that all fllpbt *uwak iastahlitiea

obsessed 4w Me writer am ban oawaMd to be tlutiaf !y at the pwv

lbs antemalse ofaat thspracah to one cqik1aUd imsUG Is left

fur N~etsUe*. IpplIettatis fUm !ar, of ala C:tatripW Do Theomr

No, pream"Ieia sinests tmat ibis silel, ow, ad quick MOhel abould

hea t ametalos ts Us. help augimasr and the fligh 4paaift.

meliata of CSiesrcvOU TAW Theor

Uinited tnileavLe Md qsuprimetIaflpllatloa of the catastroptlc

MI Theory bes hm 0@6e- It the 41OrIOtna case, a aIr dropped 01es11s

-m smidesed Stalb ws ineatiali$a obsessed is bon atrmWl "mp

pltablq ad yoeiag settene meampied bp a feallse ft nil at the doesipe

eats. The aiia was dioevamd to he cataetrsopi TAW Md, gided ITth



thmm,7 gives bhae hd tuwml ftsts wafe cmaiedsw.TAue ftor the requljrd

muodyname oO.iffIcAetUwere w otajoe for the bernie conafration as

well mas tm modifications. Dyimeao stabIlity plats (I.@. W)

waja ae for s•bh ot the lou confi4uratlons Is order to evalamte their

relative dp le stablity. Tm fll nabs deal.s of eacb t7p wee

eamAti ted and flight tested. The detailed damauic perforamee of each

"typ war obsmpped.' The results fr.i the obnervationst f (111t stability

cm amu• t we In the sam Ueder of evaluation gives by thu Predictions

of the teory. The flibt test prapa Is zeported is refermee (4l).

N= jtzlN

In the aalytical ceas, the exet non-Uimer diffaetIal eqatiooas

of mtion -catablineg t-luc roll *w m 4 r-1 de memt were tcoded for

amrical integrttioo as C. Tla ph'uT)i -,& the ,ACCcalclattoa waee

twofold; fiurt, it wans desired tU campute the flight performanee of' a

paricialar aissile vhen isua.eted to various Initial leanehing a•dontions,

and seond, It wae desired to compare the predictions of the approaimate

smtastrophic law Theory with the results from the Integrat1a of the

exact equations.

Approximately 200 coqlete sti deree- of freedom rigi4 bodo

CoM .tticens weres earied out as All the In-puts (ecefticlents, na-

* linearitieo, fin lcideaci mago, phileal parmteers, tIltiel conaiticas,

eta.) were systmicaily varied. Teoe cas mast clearly reflect tWe

esmstial eastributlam of the Induced roll mmeoet and the side mmat

3,
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to saui flight performanc aod stbility. The• e threse tasa ea

OIllustrated is Pig. 1t . iA order to provide a maxim opportunity for

Catastrophic l to oca during the computatioaa, Initial sonditisos

wre selected Which represented La-- Motion. In order to obtain a

eopleoto Uato of tie mssile's performe for ay given e.m,

tmputatiom • era run both forward and bekwta I tin. As a result,

for tUs*a ct e the angle of attackma th. rolling velocity ar all

Identical at a specifie value of tie. not equas to 0. The Wliarj earn*

represents te angle of attack hisboa y NAn the rolling veloity biatery

when ol the elasseal linear aerodpaaie apte. iso wied. Rere it

is no-t that the Pol pertdrmoe Ia regular eflibiti,; no tandeny to

ink-ln at the Mutation rate, and elso exhibiting a pitching ad Yowin

atlas that Xe8 wall &daqe -:n matting the dynaleally atablo design.

4bea the indoe•d roll Momat is aidd to the li•ear r-..tatlor, the

at~ione labeled 'induced roll neset' are obtained. The NItcfing and

yaing actlion t oberv#d to be aw sIall, umcohaged as would bie predicted

fUe the Cataatropic Tat Theory. The molling action, hzver, eahlbits

roll ilak-Is ad later roll break-out. Doth of thes eharateristica

are predicted by the Catastrophic Tam Theory. The roll lock-in occur*

S% is a eostant. Rd:ll brek-oýwt cers at that value of the angle

of attack for whic the Induced roll Mment Is n longer larger the,

or equal to, the roll Momnt due t cant of the fins. Under them

ciruostces tie nU: anmet due to eat is able to be effective in

teoaing the SMile to increaae Its rolling eloeuit and tmed toward the

roqulmi steady elate value. Thi cams appears to baw out tho predictions

3'



ofhe comtumues at th addition of the Saiwed rol.l momen

d~attetig tOe mall porariemmes of missiles. The last earn sep seats

tMe am&l of attack .ad rolling baatoriea when both the n duced rall

sot ad the side minst wte added to the linamr fesmalatiom. Norms we

ftow"v Catastrophic Saw and complete roll leek-la. .(Fig. 18Is Imoluded

to Illusmtrate the laterestIng aomer ia whieb the well, orientation

as&$ *.b p to Use prior to leek-ia.)

The tUrge came sowsly Ovileats the depeadmos. of, these quantities

Is eastaibotiug to the overall performane of ti. missLle. Withouzt %Me

Imamm roll imeat, roll leek-Ia scould sot eage. Without woll lock-in

the side want could otmat loteetently In the 410u son" mad cause

VMdMVn of the pitching ad 7wlng Natio. Inaicde$ to avoid flight

imetabllitlas of tale type, fl it caw Oltat two obvious evenue of

III Iac are availalne. One appeo~h Is to W.sw. zi de smeet to

a elas such that It will mot looduce the dpod Instability. The othsr

oppr mh is to reduc, the Induced roll momt so that roll loek-in does

sot occur.

A third but met soobvious mproah would be to amcept the action

of the Induced weUl smeat producing roll leek-in, mad also ameept the

aide smeat, bet obtain a value for well twrim Is the reagies 22 1/2O0 A.50~

ft that the sidmoe nt would thus set ma a strong etab~imlnsg Influene.

A v alue of 1, is this roome or be obtained by Sqimpy removing the magle

at cast flea tup rime. it is ins Pica the catetwoPhie Tow Theor7 that

well leak-in would them eces. In tuig regles. calculatimon oceeled out

on MA with and without the pell cuat Milo ewe given in ft4.19 whier

3!



't As ated tht aAthe04 1`01 lah-is OIswe game the east 049a0lI

iYsmee %be ipaia IMLtaility due to sIde amat doss not occu to

taw #sIt*" ad yerme'ag tios.

The remit. fhn both the ewprteinhtal proprs.an the oouptatioaml,

stý using te s"t eqations 1.5 'eoaeidlerable confkmo.as in the

qiselittiv, predictions of misisileo dywamai stability gsint the stastrophic

lbw Thearr.

Is Sitisam to providing the sachefllistic daip engineer with a

quick at OW mthed for predicting the bunmds of Mull.1 dynamic

stability, the Analysis has etIsU'stad the deveioPMt Of W18d tunnel and

antballistic raspe tociuiqt-r- fr the experimental determination of the

spaffry aerodjualde cattfle An~te, ad also tet onw ou gentral con-linear

"etimle of missile at& ints "ni eta; deu'a of frvedco 1wlh now en

coded fat reedy coIputatics on SAC sad are evailable for Wy proposed

tissile design.

The sever iscresosen cost ma comiloaity cif alssile weapons system

requir*s an srtessiw use of this -m capability wbich allows, the precise

*amputation of Mastice flirht perfrmence and thus system evalimti1ai long

hqtor. any detailed ahchinleal or electric desip or cosstmwctlce is

undertake.

Mith this approach tstproalsing weapons systems deelpe my be

*liamasted serly In the reseaheb and development progrs and manceetrated



Mphb Ew be plase ' priirlo asb meaMt preelaia4 Wo6tan s

.1 ~bm~ wSh qu peblam..

The aiatho woud like to mmes~ his sincere appftciat1om to

* bummd r. "04, dl. eirelty of Virginia, fto his lawalumbi. Basusetme

IsSm soka mob of tsb apaisizig ..lgba..
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